ABSTRACT: PEGylated organosilica nanoparticles have been synthesized through selfcondensation of 3-mercaptopropyltrimethoxysilane in dimethylsulfoxide into thiolated nanoparticles with their subsequent reaction with methoxypolyethylene glycol maleimide. The PEGylated nanoparticles showed excellent colloidal stability over a wide range of pHs in contrast to the parent thiolated nanoparticles, which have a tendency to aggregate irreversibly under acidic conditions (pH < 3.0). Due to the presence of a poly(ethylene glycol)-based corona, the PEGylated nanoparticles are capable of forming hydrogen-bonded interpolymer complexes with poly(acrylic acid) in aqueous solutions under acidic conditions, resulting in larger aggregates. The use of hydrogen-bonding interactions allows their more efficient attachment of the nanoparticles to surfaces. The alternating deposition of PEGylated nanoparticles and poly(acrylic acid) on silicon wafer surfaces in a layer-by-layer fashion leads to multilayered coatings. The self-assembly of PEGylated nanoparticles with poly(acrylic acid) in aqueous solutions and at solid surfaces was compared to the behavior of linear poly(ethylene glycol). The nanoparticle system creates thicker layers than the poly(ethylene glycol), and a thicker layer is obtained on a poly(acrylic acid) surface than on a silica surface, because of the effects of hydrogen bonding. Some implications of these hydrogen bonding-driven interactions between PEGylated nanoparticles and poly(acrylic acid) for pharmaceutical formulations are discussed.
INTRODUCTION
Organosilica nano-and micro-particulate materials have received considerable attention in the past few decades due to their potential applications in catalysis, 1 separation technologies, 2 bioimaging 3 and drug delivery. 4 The approach frequently used for the synthesis of these materials was pioneered by Stöber et al. 5 It involves the hydrolysis of alkyl silicates with subsequent condensation of silicic acid in alcohol or alcohol-water media in the presence of a base (ammonia or sodium hydroxide) as a catalyst. The Stöber method has often been used for synthesis of organosilica particles through condensation of tetraethoxysilane (TEOS) 6, 7 or TEOS co-condensation with other functional silanes, such as 3-aminopropyltriethoxysilane (APTS) [8] [9] [10] and 3-mercaptopropyltrimethoxysilane (MPTS). [10] [11] [12] The typical size of organosilica particles synthesized using Stöber conditions is often greater than 500 nm. 6, 7, 9 The Stöber method was also used to generate mesoporous materials, where homo-or co-condensation of TEOS with other functional silanes was conducted in the presence of low molecular weight or polymeric surfactants as a template. 1, 10, 13 Fewer studies have reported the development of organosilica nanoparticles with sizes Recently, we have reported a novel approach for the synthesis of sub-100 nm thiolated nanoparticles based on 3-mercaptopropyltrimethoxysilane (MPTS) from relatively concentrated solutions and demonstrated the feasibility of their fluorescent labeling and PEGylation. 16 The specific features of our novel synthetic methodology are the use of dimethylsulfoxide (DMSO)
as a solvent medium combined with the presence of oxygen dissolved in the DMSO, resulting in the simultaneous condensation of siloxane groups and the formation of disulfide bridges due to thiol group oxidation. Thiolated MPTS nanoparticles were found to be strongly adhering to ocular mucosal surfaces, which is due to disulfide bridge formation between their thiol groups and cystein-rich domains in mucins. After PEGylation these nanoparticles lost their mucoadhesive properties. For a range of applications, there remains a need to control the assembly of nanoparticles in solution and at interfaces.
Here, we synthesized a series of PEGylated MPTS-based nanoparticles and studied their physicochemical characteristics in aqueous dispersions. It is established that PEGylation of MPTS-nanoparticles improves their aggregation stability over a wide range of solution pHs. The presence of PEG on the surface of these nanoparticles opens the unique possibility of their further modification through hydrogen bonding-driven interactions with poly(acrylic acid) under acidic conditions. We observe these interactions both in solutions and at a solution/solid interface, and we use them for building multilayered coatings utilizing a layer-by-layer deposition approach. 
Synthesis of thiolated nanoparticles.
Thiolated nanoparticles were synthesized as described in our previous publication. 16 Briefly, 0.75 mL (0.7883 g) of MPTS was mixed with 20 mL of DMSO and 0.5 mL of 0.5 mol/L aqueous NaOH and stirred continuously using a magnetic stirrer. After 24 h of stirring the reaction mixture at room temperature, the nanoparticles were purified by dialysis.
2.3.
Synthesis of PEGylated nanoparticles. PEGylated nanoparticles were synthesized by adding various quantities of MePEG to aqueous dispersions of thiolated MPTS-based nanoparticles and stirring these mixtures for 9 h. The nanoparticles were purified by dialysis.
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2.4.
Synthesis of thiolated nanoparticles labeled with a fluorescent dye. Fluorescent dyelabeled nanoparticles were synthesized as described in our previous study 16 by mixing 0.10 mg of 5-iodacetamido fluorescein with 1 mL of thiolated nanoparticles dispersion. The reaction mixture was stirred for 15 h at room temperature. The nanoparticles were purified by dialysis.
2.5.
PEGylation of fluorescently-labeled nanoparticles. Fluorescently-labeled PEGylated nanoparticles were synthesized as described in our previous publication. 16 Briefly, 1 mL of aqueous dispersion of fluorescently-labeled thiolated nanoparticles were mixed with 20 mg of methoxyethylene glycol maleimide and the reaction mixture was stirred for 9 h at room temperature. The nanoparticles were purified by dialysis. 
2.7.
Dynamic light scattering and zeta-potential measurements. Dynamic light scattering and zeta-potential measurements were conducted on dilute solutions of nanoparticles at 25 ºC using a Nano-S Zetasizer (Malvern Instruments, UK). Each sample was analyzed at least three times and the mean values of particle size, polydispersity index (PDI), and zeta-potential were calculated. Prior to dynamic light scattering studies the polymer solutions and dispersions of were conducted 10 minutes after mixing interacting components.
2.13
. Layer-by-layer deposition on silicon wafers and spectroscopic ellipsometry. Polished silicon (100) wafers were cut into small pieces (approximately 2 cm × 1.2 cm) using a diamond scribe. Each wafer was then treated in a UV-ozone atmosphere (BioForce Nanosciences UV/Ozone ProCleaner™) for 10 min. to create a clean, hydrophilic surface. The first PAA layer was deposited on the silicon wafer by dipping it into a 1 mg/mL solution of PAA (pH 2.96) for 10 min followed by rinsing with water (pH 2.97) for 1 min and drying in air. The thickness of this layer was measured via spectroscopic ellipsometry (VASE, J. A. Woollam Co., Inc., Lincoln, NE, USA) at three different positions. 18 In a typical scan, the wavelength was varied between 400 and 800 nm, and the angles-of-incidence were chosen to be near the pseudo- Ellipsometry data were analyzed by fitting to a slab model. 19 The refractive indices of each layer were determined through independent measurements on thick films deposited in separate experiments, and these values were used in modeling the multi-layer data. The effects of thickness non-uniformity were included in the model. The thickness value obtained from measurements of the first layer thickness was used in the model for the second layer, and so on for the third and following layers.
2.14. Fluorescence microscopy. Fluorescently-labeled nanoparticles were used to build multilayered materials using the above-described layer-by-layer deposition protocol.
Fluorescence microscopy was performed on fluorescence microscope (Zeiss, Imager.A1) with
AxioCam MRm Zeiss camera at 10× magnification and an exposure time of 250 μs. Each image contained 1388 ×1040 pixels.
Scanning electron microscopy (SEM).
Experiments used an FEI Quanta FEG 600 environmental scanning electron microscope with an acceleration voltage of 20 kV. The surface of samples was sputtered with chromium (10 nm thickness) before analysis.
Transmission electron microscopy (TEM). TEM images of thiolated and PEGylated
nanoparticles were acquired using a Philips CM20 Analytical TEM at 80 kV accelerating voltage. For sample preparation, the carbon-coated Cu grids were brought into contact with aqueous dispersions of nanoparticles for 60 s, followed by exposure to 1 wt % uranyl acetate solution for 30 s and then dried off with a filter paper.
RESULTS AND DISCUSSION

Synthesis and properties of PEGylated nanoparticles
A series of PEGylated nanoparticles were synthesized by reacting thiolated MPTS-based nanoparticles with various quantities of methoxypolyethylene glycol maleimide (MePEG). These nanoparticles were characterized by dynamic light scattering and zeta-potential measurements to determine their size distribution and surface charge; and by Ellman's assay and thermal gravimetric analysis to quantify the content of thiol groups and MePEG chains, respectively. The characteristics of these nanoparticles are summarized in Table 1 . The numerical suffix in the sample name indicates the MePEG quantity. Figure 1 shows the particle size distributions determined by dynamic light scattering, which are perfectly monomodal before and after greater size and also leads to the reduction of the thiol group content as well as to an increase in the MePEG quantity covalently attached to organosilica surface, indicating that the levels of PEGylation can be varied. Prior to PEGylation the thiolated nanoparticles showed excellent colloidal stability in aqueous dispersions within one month 16 at pH 5.8±0.1 and this is likely to be due to their electrostatic stabilization as the value of zeta-potential is highly negative (-41.97±0.50 mV). However, the storage of the thiolated nanoparticles in aqueous dispersions at 5 ºC in a refrigerator for 6 months has resulted in their partial precipitation. The TEM image of thiolated nanoparticles (inset in Figure 1 ) shows the presence of both non-aggregated and aggregated particles in solution, which is in good agreement with our previous report. 16 The aggregation of thiolated nanoparticles is likely to be resulting from inter-particle disulfide bond formation caused by sample drying during its preparation for TEM measurements. The thiolated nanoparticles show excellent stability in a broad range of pHs from 3.0 to 12.0, however, at pH < 3.0 they tend to aggregate with a remarkable increase in particle size from 51 
Hydrogen-bonding driven self-assembly of PEGylated nanoparticles with poly(acrylic acid) in solutions
It is well known that polyethyleneglycol is capable of forming hydrogen-bonded interpolymer complexes (IPCs) with poly(acrylic acid) (PAA) in aqueous solutions under acidic conditions. 22-25 These complexes are usually formed immediately after mixing aqueous solutions of polymers. The possibility of complex formation as well as the structure of IPCs depend on the molecular weights of both PAA and PEG, their concentrations, and the solution pH. This complexation has also previously been utilized to build multilayered coatings by alternate dipping of solid substrates into solutions of PAA and PEG. 26-29. More information on the progress in the area of layer-by-layer deposition of polymers via hydrogen bonding can be found in three reviews by the Sukhishvili and Caruso groups.
30-31
Recently, D'Addio and co-workers 32 have reported a novel technique to purify and concentrate PEG-b-poly(lactide-co-glycolide) self-assembled nanoparticles coated with a dense layer of PEG chains by utilizing their ability to form hydrogen-bonded complexes with low Published in Langmuir (2012) 28: 299-306 molecular weight polyacids such as poly(acrylic acid) (1.8 kDa), poly(aspartic acid) ( 2 kDa) and citric acid. The strong hydrogen bonding between PEG's ether groups and carboxylic groups of polyacids resulted in rapid precipitation of interpolymer coacervates, which could be easily redissolved at pH 7. We are not aware of any other studies reporting the interactions between PEGylated nanoparticles and poly(acrylic acid) in solutions and at solid surfaces.
The presence of MePEG on the surface of our organosilica nanoparticles also opens up an interesting opportunity for their further modification through the complex formation with poly(acrylic acid). The microscopy results provided useful information about the non-uniform structure of coatings, which was taken into consideration for measurement of their thickness by ellipsometry.
The thickness of the first deposited layer of PAA was found to be 11.8 ±1.8 nm by ellipsometry analysis (using a refractive index, n, at a wavelength of  = 500 nm of 1.50 in the modeling, as was obtained in an independent measurement on a thicker film). Subsequently the deposition of MPTS-PEG1 on the surface resulted in a layer with an effective thickness of 24.2 ±2.0 nm (using n = 1.39 at  = 500 nm, obtained independently). It should be noted that this thickness is much smaller compared to the diameter of nanoparticles measured by dynamic light scattering (65.0±0.8 nm). This discrepancy may be related to a number of factors. First, the measurement is sensitive to the product of the layer thickness and its refractive index; the parameters are coupled. If the density, and hence n of the monolayer, is lower than in a thick layer (where n = 1.39), the analysis would under-estimate the thickness. Void spaces between particles, with sizes smaller than the wavelength of light (up to ca. 100 nm) will decrease the refractive index.
Secondly, there is heterogeneity in the packing of the particles, and the measurement represents only an average across the footprint of the beam. Furthermore, the size measured by dynamic light scattering in aqueous dispersion will be the diameter of fully-swollen and hydrated nanoparticles whereas the thickness of multilayers was measured by ellipsometry in the dry state.
The next layer of PAA deposited on the top of nanoparticles showed an effective thickness of 5.8 ±4.5 nm. The pattern of thickness increase is presented in Figure 6 . Despite the limitations of the From this perspective, the possibility of utilizing layer-by-layer deposition of PEGylated nanoparticles and poly(acrylic acid) on the surface of pharmaceutical micro-particulate carriers may also offer a novel approach for designing drug delivery systems with a complex multi-stage and pH-triggered release profile.
